Coevolutionary theory proposes that the diversity of chemical structures found in plants is, in large part, the result of selection by herbivores. Because herbivores often feed on chemically similar plants, they should impose selective pressures on plants to diverge chemically or bias community assembly toward chemical divergence. Using a coevolved interaction between a group of chrysomelid beetles and their host plants, I tested whether coexisting plants of the Mexican tropical dry forest tend to be chemically more dissimilar than random. Results show that some of the communities are chemically overdispersed and that overdispersion is related to the tightness of the interaction between plants and herbivores and the spatial scale at which communities are measured. As coevolutionary specialization increases and spatial scale decreases, communities tend to be more chemically dissimilar. At fairly local scales and where herbivores have tight, one-to-one interactions with plants, communities have a strong pattern of chemical disparity.
Coevolutionary theory proposes that the diversity of chemical structures found in plants is, in large part, the result of selection by herbivores. Because herbivores often feed on chemically similar plants, they should impose selective pressures on plants to diverge chemically or bias community assembly toward chemical divergence. Using a coevolved interaction between a group of chrysomelid beetles and their host plants, I tested whether coexisting plants of the Mexican tropical dry forest tend to be chemically more dissimilar than random. Results show that some of the communities are chemically overdispersed and that overdispersion is related to the tightness of the interaction between plants and herbivores and the spatial scale at which communities are measured. As coevolutionary specialization increases and spatial scale decreases, communities tend to be more chemically dissimilar. At fairly local scales and where herbivores have tight, one-to-one interactions with plants, communities have a strong pattern of chemical disparity.
herbivore specialization ͉ insect-herbivore interaction ͉ plant chemical diversity R esearchers have long been interested in the question of whether coevolution, the reciprocal evolutionary influences of interacting groups of organisms, can shape patterns of divergence among related species within communities. Studies of interspecific competition have often looked at community-wide patterns of divergence among related species (1, 2) . Likewise, a number of studies of pollinators and plants have focused on community-wide patterns of floral traits (3, 4) . Yet, relatively less work has been focused on the role of plant-herbivore coevolution on community patterns of plant divergence. One interesting example is the work of Gilbert (5) , who proposed that coevolution of Heliconius butterflies and Passiflora vines resulted in the diversification of leaf shapes of cooccurring Passiflora species.
Coevolution has been proposed as a major factor promoting the diversity of chemical compounds in plants (6, 7) . The continuous selective effects of herbivore attack and plant defense are thought to be largely responsible for the incremental elaboration, proliferation, and intricacy of plant secondary compounds and insect detoxification mechanisms (8) (9) (10) (11) ). Yet, the study of plantherbivore coevolution and its impact on plant chemistry has focused primarily on interactions that involve a small number of species or populations. Such studies provide evidence that plants often produce distinctive chemicals that protect them against herbivory (11, 12) . However, this approach has shed little light on the question of whether coevolution has created patterns of chemistry and interactions powerful enough to structure plant chemical diversity (6, 13) .
Because related phytophagous insects often feed on plants that share common chemical compounds to which they are adapted (14) (15) (16) , it is meaningful to ask whether herbivory might structure community chemical profiles, either biasing community assembly or imposing selective pressure for divergence of defensive compounds. This issue can be addressed by looking for community-level patterns caused by herbivory and coevolution (17, 18) . If host shifts tend to occur between plants with similar chemistry, herbivory could limit the coexistence of plants that share common chemical compounds. If chemically similar plants cooccur, selection would favor divergence. Likewise, if a plant in a regional species pool is chemically similar to an already present species, the probability of successful invasion would be lower. Such processes of divergence and assembly should lead to chemically overdispersed communities, that is, communities with chemical defenses that are more dissimilar than expected by chance.
The effect of herbivory on diversification of chemistry should be stronger for narrowly coevolved systems involving fewer interacting species. In such associations, species tend to develop specific adaptations to the features of their counterparts (19) . Thus, a chemically similar plant should be more vulnerable to a specialized herbivore able to handle many of its compounds. More diffuse associations, involving groups of herbivores interacting with a group of plants, may have more generalized adaptations because selection pressures on chemistry may conflict with multiple herbivores (20, 21) . In such systems, chemical divergence is less likely to have an effect on herbivore host invasion, and community-level overdispersion is less likely to occur.
Resource competition is an alternative factor that is widely thought to influence the attributes of species and community assembly. If closely related species require the same limiting resources (i.e., water, nutrients, and pollinators), competitive exclusion may limit their coexistence (1) . Several studies have shown that sympatric species are more phylogenetically distant than expected, presumably because related species have similar competitive niches (1, 22) .
Here, I use the tropical genus Bursera to test whether coevolution with specialized herbivores could have resulted in community-level chemical overdispersion. I also test for community-level phylogenetic overdispersion which could suggest that resource competition is a structuring factor.
Burseras are typically low-to medium-size trees (Fig. 1) . The genus includes Ϸ100 species distributed from the southern United States to Peru (23) . It reaches its maximum diversity and abundance in the tropical dry forests of Mexico where, with Ϸ85 endemic species, it is one of the major elements of the flora (24, 25) . The predominance of Bursera is particularly striking along the deep canyons of the Balsas River basin, which is one of the major extensions of the dry forest. On the floors of these canyons, this genus often becomes the absolute dominant woody taxon, surpassing legumes and other groups in diversity and abundance and validating the name ''cuajiotales'' given to many of these forests, from the Aztec name ''cuajiote'' (leprous tree) given to Bursera species (25) (26) (27) . In the eastern region of the Balsas depression, for example, in an area of Ϸ50,000 km 2 that includes Zopilote Canyon, Ϸ45 species of Bursera occur and 9-15 Bursera species commonly coexist in single localities. There are high levels of endemism in the genus, and 65% of the species have a geographic distribution of Ͻ50,000 km 2 . Because the genus is old, highly adapted to the ecological and climatic conditions of these forests, and of great physiognomic importance, its evolution and diversification has been linked to the history of the Mexican dry forests (24) .
Bursera produces an array of terpenes, mostly mono-and sesquiterpenes, and alkanes (28) (29) (30) . These compounds are toxic or repellent to insect herbivores and, in Bursera, decrease the survival and growth of their specialized herbivores, the chrysomelid genus Blepharida (31, 32) . The impact of Blepharida on Bursera often depends on the defensive status of the plants, and poorly defended individuals with relatively low concentration of terpenes can be completely defoliated by these beetles (33) .
Blepharida includes Ϸ45 species that feed on Bursera [ Fig. 2 and supporting information (SI) Table 2 ]. Blepharida species have been observed to be the most frequent and abundant herbivores of Bursera in visits to multiple field sites in Mexico over the past 15 years. Most Blepharida are narrowly specialized with one Bursera host (which I will refer to as ''monophagous'') or two to four hosts (''oligophagous'') ( Fig. 3) (32) . A few, relatively more generalized (''polyphagous'') beetles feed on many Bursera hosts (32) . Timecalibrated phylogenies of these insects and plants suggest that they have interacted for at least 112 million years (8) and that plant defensive chemical traits and the insects' counterdefensive feeding strategies have evolved in response to concurrent reciprocal selective pressures (32, 34) .
These herbivores show a preference for colonizing chemically similar plants that are not necessarily phylogenetically close (14) . This preference for chemically similar plants should impose pressures on plants to develop divergent chemistries. Therefore, this is a good system by which to examine whether chemical overdispersion is an aspect of plant community structure. Because related Bursera species are often chemically dissimilar, hypotheses about chemical traits can be tested without the concern that chemistry is completely correlated with plant phylogeny (14) .
Results and Discussion
Testing for Community-Level Chemical Overdispersion. To investigate whether Bursera communities are chemically overdispersed, I analyzed the chemistry of 57 species by using gas chromatographymass spectrometry (see Methods). Analyses were directed at volatile terpenes and alkanes that are the most abundant secondary compounds in Bursera and have known impact on Blepharida (28) (29) (30) . A matrix of chemical dissimilarity among species was constructed based on the presence and relative concentration of 74 chemical compounds found in these plants.
I quantified the average chemical distance among species in 18 Bursera communities in four areas of the tropical dry forests located in the Balsas basin, and three communities in one area in the Papaloapan river basin (Fig. 4) . These five areas were selected because they contain the highest diversity of Bursera and Blepharida, and because the Blepharida species found there tend to be monophagous or oligophagous (35) .
Six other Bursera communities from two coastal areas in the Pacific were also included in the analysis (Fig. 4) . These two areas were chosen because they have high numbers of Bursera species and many of them are attacked by the polyphagous Blepharida, B. alternata, and B. pallida, which are abundant there (35) . All areas were Ϸ10,650 km 2 (1°latitude and longitude), except areas in the Pacific that were smaller because part of the targeted 1°latitude and longitude was occupied by the Pacific Ocean.
Bursera tends to grow in deep canyons. Species occupy different Fig. 1 . Bursera aptera. The genus Bursera reaches its maximum diversity and abundance in the tropical dry forests of Mexico where, with Ϸ85 endemic species, it is one of the major elements of the flora.
Fig. 2. Blepharida pallida.
The Blepharida genus includes Ϸ45 species, which all feed only on Bursera. altitudinal ranges with the highest diversity usually occurring at the canyon bottoms (35) . Within areas, I used communities with increasingly large altitudinal bands (and hence geographic area) with the smaller ones nested within the larger. For all areas, the smallest altitudinal band is located at the bottom of the canyons and increasing bands add species and habitats by moving up in altitude, still within the 1°target area. Finally, for each area, I expanded the geographic extent to 3°of latitude and longitude using the full altitudinal range.
To determine which species were present in an area and at what elevations, species lists for all of the communities were constructed by using information from the major Mexican herbaria [Herbario Nacional de Mexico (MEXU), Herbario de la Escuela Nacional de Ciencias Biológicas, and Herbario del Cantro de Ecología, region del Bajío], from the on-line biodiversity information of the Mexican Comisión Nacional para el Conocimiento y Uso de la Biodiversidad (www.conabio.gob.mx), and from repeated visits over 15 years to these areas.
I also estimated the degree of specialization in the interaction between Bursera and Blepharida species in the communities studied. For this, I calculated the percent of Bursera species that are attacked by monophagous or oligophagous Blepharida.
The percent of Bursera species that are attacked by monophagous or oligophagous Blepharida tended to be high in all communities located in the Balsas and Papaloapan river basins [ Table 1 ; Chilpancingo (area 1), Cañón del Zopilote (area 2), Tehuacán (area 3), Infiernillo (area 4), and Aguililla (area 5)]. In most of these communities, this percentage was Ͼ58, and in most communities of small geographical scale (situated below 1,000 m of altitude), the percentage was Ͼ78. The highest level of specialization was at the community located at the bottom of the canyon in Chilapancingo, in which only one Bursera species hosts a polyphagous beetle species and all other burseras are attacked by a single monophagous or oligophagous Blepharida species each. Considerably lower levels of specialization were found in areas 6 and 7 (Zihuatanejo and Aquila) ( Table 1) , where the percentage of Bursera species that are attacked by monophagous or oligophagous Blepharida ranged from 22 to 53. These results are congruent with previous observations that polyphagous species tend to attack Bursera species distributed along the Pacific coast (35) .
I tested for chemical overdispersion with randomization tests. I examined whether the particular configurations of species found in these real communities are more chemically diverse than communities randomly chosen from the same overall set of species. The average chemical distance for a given community was compared with the distribution of average chemical distances of many random communities constructed by choosing the same number of species randomly from the full list of species for all communities. Results show that in those areas where coevolutionary specialization with Blepharida is high (as measured by the percent of Bursera species that are attacked by monophagous or oligophagous Blepharida), communities were significantly overdispersed (Table 1) . High specialization and overdispersion occur at smaller scales in all of the areas of the Balsas and Papaloapan basins: Chilpancingo, Cañón del Zopilote, Tehuacán, Infiernillo, and Aguililla (Table 1 and Fig. 5 ). This pattern is consistent with the idea that beetles impose stronger selective pressure for chemical divergence of the locally present plant species. However, increasing scale in this study also results in increasing habitat diversity by including higher-elevation habitats. So, the decline in overdispersion with scale could be due to weaker species interactions or a greater importance of overdispersion at canyon bottoms than at higher elevations. In both areas on the Pacific coast (Zihuatanejo and Aquila) where coevolutionary specialization is low, average chemical distances did not differ much from the corresponding random communities at any scale (Table 1 and Fig. 5) .
The key role of herbivore specialization for chemical distance can be appreciated by plotting the deviation of chemical distance from that expected for random communities (calculated as Z scores) (36) against the percentage of Bursera species that are attacked by monophagous or oligophagous Blepharida species (Fig. 6) . As specialization increases, the Z scores for chemical distance increase. This happens equally for large areas and small areas (slope ϭ 0.0234, P Ͻ 0.0001) although small areas have higher Z scores at any given percent monophagy/oligophagy (0.749 SD higher, P Ͻ 0.0003). Thus, whereas the degree of specialization also affects chemical distance at larger spatial scales, the lower average chemical distance at larger scales explains why fewer large areas had significant overdispersion.
Testing for Phylogenetic Overdispersion. A matrix of phylogenetic distance was also constructed for 58 Bursera species, and average phylogenetic distance was calculated for the same communities that were tested for chemical overdispersion. Randomization tests were also performed to test for phylogenetic overdispersion.
Higher average phylogenetic distances than those expected by chance were rare in the 27 communities studied. It never occurred at the smaller scales where resource competition might be expected to be strongest (22) (Table 1) . Probability values even increased at smaller scales in some cases, as if closely related species were more likely to cooccur as communities became smaller. If we assume, as others have, that a close phylogenetic relationship reflects competitive similarity, resource competition does not seem to structure For each community examined, the observed average chemical or phylogenetic distance between species was compared to a distribution of average chemical or phylogenetic distances of an equal number of randomly selected species (the null model). P values are reported for one-tailed tests, i.e., the observed chemical distance was greater than all but the proportion P of 1,000 null communities.
these communities. Alternatively, competitive niches among sympatric species may not be phylogenetically conservative. Results show that there is a nonrandom pattern of chemical overdispersion in Bursera communities that seems to be tied to the tightness of the interaction with their herbivores. As coevolutionary specialization with Blepharida increases, communities tend to be more chemically dissimilar. A possible alternative explanation for this pattern of overdispersion of chemistry, phylogenetic overdispersion driven by plant competition, was tested and can be rejected as an explanation for the observed patterns. Terpenes may have alternative functions besides antiherbivore defense, and it is possible that chemical overdispersion could be due to other causes. Terpenes may have other physiological functions, such as protection from high temperatures (37) . They may also have other ecological roles, such as attraction to pollinators (38) . It is unlikely, however, that these physiological or ecological alternative functions are behind Bursera's community patterns of chemical differentiation. If the main function of Bursera's chemistry was physiological, then we would expect the community to exhibit the opposite pattern: plants should converge in chemistry to adapt to similar conditions, and communities should have a lower average distance than random. Likewise, there is little floral diversity in the genus, and pollination is accomplished by generalized insects. Thus, there is no a priori reason to expect a correlation between leaf chemistry and pollination. Hence, whereas it is not possible to completely exclude a role for other factors, degree of herbivore specialization seems to be the strongest candidate for explaining chemical overdispersion. This explanation is reinforced by the strong relationship of herbivore specialization and degree of overdispersion.
This investigation provides evidence that Blepharida can affect Bursera's community structure. Whereas other studies have also shown that the structure of vegetation may be modified by herbivores (39), the impact of plant-herbivore coevolution on plant chemical profiles at the community level has rarely been examined. My results suggest that coevolution, by arranging the chemical features of plants, may act in concert with herbivory to influence community structure. Previous research indicates that throughout their evolution, closely related species of Blepharida have invaded more chemically similar Bursera plants (14) . The present study shows that Blepharida's selective pressures may have favored the evolution or assembly of chemically divergent Bursera communities.
That chemical overdispersion exists in areas inhabited by highly specialized, monophagous Blepharida species, but not in areas mostly inhabited by polyphagous species, suggests a possible positive feedback loop in the evolution of herbivore specialization. Monophagous species appear to favor the assembly or evolution of Bursera communities with chemically different species. But then, chemical disparity in the plant community would make the adoption of new hosts more difficult, thus reinforcing Blepharida's specialization. This positive feedback could also create a link between specialization and the strength of herbivory. High herbivore pressure may favor the assembly or evolution of dissimilar defensive chemistry among members of the plant community, thus perpetuating the cycle of specialization. Low herbivore pressure, such as when coevolution is diffuse and damage is inflicted by less virulent polyphagous herbivores (40, 41) , may permit the assembly or evolution of more chemically similar coexisting plant species, perpetuating the cycle of generalization. Plants that are completely (or almost completely) defoliated by monophagous or oligophagous Blepharida species are frequently observed in the field. Yet, no instances of this kind of extreme damage have been observed with the polyphagous B. pallida or B. alternata (33) . This observation suggests that highly specialized Blepharida tend to inflict greater damage to their hosts. However, more data are needed to ascertain whether herbivore pressure and plant community chemical structure feed back into Blepharida's feeding specialization.
Coevolutionary theory predicts that specialized herbivores select for chemical divergence (7, 10) . Generalized herbivores are less likely to do so because they are adapted to a range of plant chemistries. Thus, the average chemical distance among plants in communities should depend on the proportion of specialized herbivores. Results here demonstrate that plant chemical overdispersion occurs in local communities in cases in which herbivores are more specialized and, thus, that plant-herbivore coevolution may be a significant factor promoting chemical diversity at a community level.
Methods
Collection of Plant Tissues. Samples of leaves from 57 Bursera species were collected from live plants in natural populations in Mexico and immediately extracted in dichloromethane. Collection of species was concentrated in mainland Mexico and represents Ϸ82% of the species present in the area. Endemic species from the Baja California and Yucatan peninsulas were not sampled because Blepharida beetles from the mainland are not likely to encounter them. Because plant chemistry may vary within and among populations, I sampled several individuals and populations for each species. Samples consisted of three to five individuals in each of one to two populations for species of restricted geographic distributions and up to five populations for species of more widespread distributions. For a few of the species, sampling consisted of only two individuals because the species are rare and difficult to find in a limited amount of time. Sampling was restricted to mature, full-grown individuals, concentrating on new, fully developed leaves during time of active growth of plants (June, July, and August).
Chemical Analysis. All extracts were analyzed by gas chromatography-mass spectrometry performed on a Hewlett-Packard 5890 gas chromatograph linked to a Hewlett-Packard 5970B mass selective detector (Hewlett-Packard, Palo Alto, CA) at 70 eV (1 eV ϭ 1.602 ϫ 10 Ϫ19 J), m/z 40-600 full scan with a DB-5 column (J & W Scientific, Folsom, CA; 15 m long, 0.32-mm inside diameter, and 0.25-m film). Helium was the carrier gas at a linear velocity of 20 cm/sec. The splitless injector temperature was 200°C, the flame ionization detector was held at 240°C, and the oven temperature was 40°C for 4 min and then increased 8°C/min to 230°C and held for 5 min. Detected volatile compounds in each species were identified by matching the obtained spectra with standard mass spectral libraries (NBS 75.K). Many of the major compounds were also identified by comparing obtained spectra with spectra and retention times of authentic standards.
Chemical Variation Within Species. To examine the degree of chemical variation within species and populations, I calculated the average Pearson correlation of the relative abundances of chemical compounds between pairs of individuals in the same species by using the statistical package JMP (42). For most of the species, there was little variation among individuals in the same population and among populations, confirming previous results that showed high chemical cohesiveness within species (SI Table 3 ). When correlation coefficients among individuals of same or different populations were high (usually true), individuals in a species were put in one single population. When individuals from different populations had average correlation coefficients of Ͻ0.4, the populations were not combined. This happened with some species that have relatively wide geographic ranges, such as B. grandifolia, B. discolor, B. fagaroides, and B. glabrifolia.
Chemical Distance Between Species. I calculated averages of abundance of all constituents for each species. For the species that had populations that were chemically different, I calculated averages for each population. A matrix of chemical distance between all species and populations considered was constructed on the basis of the relative abundance of 74 chemical compounds by calculating Pearson correlations between species pairs. Each correlation was then subtracted from 1 to convert it to a distance. For species with chemically different populations, average distances for a community included only the populations in that area.
Scaling of Chemical Overdispersion in Bursera Communities. Testing for coevolution-mediated chemical overdispersion is complicated by the ability of herbivores to fly and potentially colonize plants far from where their presence has been reported. When communities are too small, herbivores are likely to affect larger communities than the actual community tested. Measuring communities that are too large, on the other hand, increases the possibility that rare or isolated plant species can be missed and unaffected by herbivores. A solution to this problem was to measure the same community at increasing scales. The smallest communities measured were at canyon bottoms. Canyon bottoms are the prime habitat for the genus Bursera, overall (35); they are where diversity and overall abundance of the genus are highest. Both Bursera and Blepharida are tropical and highly adapted to the dry and warm conditions that are prevalent at the base of the basins. They do not stand up well to freezing weather, which although infrequent, does occur at the tops of the basins (25) . Habitats radiating outward (and upward) from canyon bottoms, though more favorable for some adapted species, are less favorable for Burseras, overall, so that diversity and overall abundance decline. Thus, within the 1°target area, I chose canyon bottoms as central targets and increased the scale by working outward and upward.
Randomizations. To determine whether community chemical profiles are overdispersed, I determined the probability that the average chemical distance of a community would be as large or larger than that expected by chance alone. For each real community, the observed average chemical distance between species was compared with the distribution of average chemical distances of an equal number of randomly selected species (the null model). The pool from which species were randomly selected was all of the species and populations included in the matrix of chemical distances. These species are all of the species and populations that grow in the regions studied. Thus, I tested whether the particular configurations of species found in communities are more chemically diverse than communities randomly chosen from the same overall set of species. The null distributions of average chemical distance were generated with 10,000 randomizations for each test. P values are for one-tailed tests, i.e., the observed chemical distance was equal to or greater than all but the proportion P of the 10,000 null communities. Randomizations were done with a program written in R (43).
Effect of Specialization on Overdispersion. I performed a regression analysis to determine the relationship between chemical overdispersion and insect-host specialization. Most Bursera species are attacked by only one species of Blepharida (SI Table 2 ). I measured the degree of specialization in a particular community as the percentage of Bursera species that are attacked by monophagous or oligophagous Blepharida. For each community, chemical overdispersion was measured as the difference between average chemical distance from the average null expectation in terms of SDs (calculated as Z scores) (36) .
Because the communities at different scales from the same location are not independent, I could not rely on the standard regression assumption of independent errors. Using the latitude and longitude coordinate system, I constructed a spatial model with SAS Proc MIXED to explicitly model correlated error structure (44) . The initial models permitted spatial correlation among all communities and sites. They indicated significant correlation among errors (P Ͻ 0.047), but the error correlations dissipated at Ͻ1°latitude or longitude (i.e., parameter estimates for the ''range'' of correlated errors were less than the distances between the seven study areas). This justified remodeling the correlated error structure as block-diagonal (assuming correlated errors within, but not between, the seven principle areas of study). Akaike's information criterion and Schwartz's Bayesian criterion (44) were used to select an appropriate block diagonal error structure (compound symmetric). Regression coefficients and associated probabilities reported here have all been adjusted for correlated errors by using the above assumptions (local, compound symmetric error covariance).
Testing for Resource Competition Within Communities. To measure phylogenetic overdispersion, I used a previously published molecular phylogeny of Bursera (23, 34) , reconstructed by using sequences from the internal transcribed spacer region and the external transcribed spacer. Parsimony and likelihood methods as well as Bayesian techniques were implemented for its reconstruction. Phylogenetic distances between 60 species were calculated as their patristic distances by using PAUP* 4.0b10 (45) .
A matrix of phylogenetic distance was constructed for 58 Bursera species, and the average phylogenetic distance was calculated for the same communities that were tested for chemical overdispersion. Randomization procedures to test for phylogenetic overdispersion were the same as those to test for chemical overdispersion. The observed average phylogenetic distance between species was compared with the null model by using a one-tailed test.
